On March 11, 2011, a very big earthquake occurred in the Tohoku district in Japan. As a result, a large amount of tsunami sludge was generated and radiation contamination due to the nuclear power plant disaster also became a serious problem. To ensure the safety of living environments, it became necessary to decontaminate the radiation-contaminated waste and soil, and for the radioactive pollutant to be stored at temporary storehouses. However, because ordinary cover soil or sheets deteriorate under rainfall or ultraviolet light, further improvement of this system was required. This study focused on the "Fiber-cement-stabilized soil method". This method is a new recycling method for high water content mud such as construction sludge by using paper debris and cement. Thus, if the cover soil for radiation-contaminated soil could be produced from the tsunami sludge, we could make effective use of the tsunami sludge and store the radiation-contaminated soil securely. The cover soil requires high failure strength, high durability for drying and wetting, high durability for erosion by rainfall and low permeability. To evaluate the durability of the cover soil made of tsunami sludge against erosion by rainfall, the indoor artificial rainfall test and the outdoor test under natural rainfall were carried out. As a result, it was confirmed that the durability of Fiber-cement-stabilized soil against erosion by rainfall was very high.
INTRODUCTION
On March 11, 2011, a very big earthquake and tsunami occurred in the Tohoku district in Japan. More than 18,000 people died or were missing, and over 398,000 houses were completely or partially destroyed 1) . The Japan Society of Material Cycles and Waste Management reported that the mass of tsunami sludge was from approximately 13 to 28 million tons 2) . Moreover, radioactive contamination due to the nuclear power plant disaster also became a serious problem. To ensure the safety of living environments, it was necessary to decontaminate the radiation-contaminated waste and soil. The Ministry of Environment of Japan released the disposal solution method. First, the radioactive pollutant would be stored at the temporary storehouses for about three years, and then the interim storage facility would store waste for up to 30 years before the final disposal. The temporary storehouses consisted of embankment and sandbags to prevent scattering and sliding of the radiation-contaminated soil, and rainwater seepage control sheets to prevent rainwater from flowing in 3) . However, the embankment made of ordinary soils had low strength property due to rainfall and low quake-resistant ability; the rainwater seepage control sheets were also affected by the ultraviolet light. Therefore, further improvements on these solutions were required.
In fact, we have already developed a new recycling method for high water content mud such as construction sludge by using paper debris (fragments of old newspapers) and cement to increase the recycling rate of construction sludge 4) . It is called the "Fiber-cement-stabilized soil method." The modified soil produced by this method has three main features: 1) high failure strength and failure strain, 2) high durability for drying and wetting 5) and 3) high dynamic strength 6) .
Considering these above features of the Fiber-cement-stabilized soil, we focused on the application of the Fiber-cement-stabilized soil method to the cover soil for radiation-contaminated soil. Covering the embankment and the rainwater seepage control sheets with Fiber-cement-stabilized soil, was expected to further improve the performance of the temporary storehouses. Moreover, if the cover soil for the radiation-contaminated soil could be produced from the tsunami sludge, there was no need to source ordinary soils from the mountains. Therefore, the use of tsunami sludge could serve a dual purpose: 1) the effective utilization of tsunami sludge and 2) the secure storage of the radiation-contaminated soil. The qualities required for the cover soil were high failure strength, high durability for drying and wetting, high durability against erosion by rainfall and low permeability.
The objective of this study was to investigate the high durability against erosion by rainfall of the cover soil for radiation-contaminated soil made of tsunami sludge through the indoor artificial rainfall test and the outdoor test under natural rainfall. The objective of the indoor test was to investigate the relationship between soil erosion loss and rainfall intensity. On the other hand, the objective of the outdoor test was to evaluate the durability of the cover soil against erosion by rainfall under natural condition.
PRINCIPLE OF THE FIBER-CEMENT-STABILIZED SOIL METHOD
The principle of the Fiber-cement-stabilized soil method is illustrated as follows: 1. As shown in Fig.1(a) , soil particles are free to move in the water. 2. After the paper debris is added into the high water content mud, the water is absorbed by the paper debris and the superficial water content of the soil decreases as shown in Fig.1(b) . 3. The cement is added and is mixed with the above mixtures. Then, the water content of the modified soils decreases and the strength of the soils increases because needle-like crystals called ettringite are generated during the hydration of cement are generated as shown in Fig.1(c) . From the above process, the modified soil obtains high-quality properties through the application of the Fiber-cement-stabilized soil method.
INDOOR ARTIFICIAL RAINFALL TEST
(1) Test apparatus Fig.2 shows a panoramic view of the indoor artificial rainfall test apparatus. This test apparatus consists of a rainfall simulator (0.6 m squares, Marutanishiko Co. Ltd.), a tipping-type rain gauge (DIK-0201, Daiki Rika Kogyo Co. Ltd.), two wooden soil tanks and two soil discharge pans. The rainfall simulator works as follows: First, water is supplied from the water tank through a small pump to on top of the apparatus. Then, the rain starts to fall. The rainfall intensity can be changed by using a flow-regulating valve. The height of the rainfall simulator is 1.8 m, and the distance between the nozzle tip and the specimen is 1.1 m. Since the nozzle tip is fixed to the rainfall simulator, raindrops fall in the same points. To evaluate the durability of the Fiber-cement-stabilized soil against erosion by rainfall, the mixture of decomposed granite soil and bentonite, that is, "soil-bentonite mixture" was also used in this study. The soil-bentonite mixture is applied to the seepage control materials for the embankment and final disposal site 7), 8), 9) . As shown in Fig.3 , the slope angle is based on common embankment slope construction gradient of 1:1.5, that is, about 33.7 degrees 10) .
(2) Procedures to make specimens This test was performed by using actual tsunami sludge obtained in Sendai City, Miyagi Prefecture. The type of the tsunami sludge was sandy sludge; it seemed that coastal sand was carried over to the land by the tsunami. Since the tsunami sludge contained a large amount of rubble as shown in Fig.4 , the tsunami sludge was dried at 110±5 degrees Celsius, and then it was screened by using a 2 mm sieve. The tsunami sludge, which passed through a 2 mm sieve, was used in this test. The grain size distributions of the tsunami sludge and the soil-bentonite mixture are shown in Fig.5 . The physical properties are listed in Table 1 .
To satisfy the high failure strength property and low permeability of the modified soil, it is necessary to adjust the additive amount of paper debris and Soil salinity [g/dry 100 g] 0.0 0.0 cement according to soil types and initial water content. Therefore, to create the artificial ground, the additive amount of paper debris and cement are first determined by laboratory soil tests to satisfy the properties of the modified soil. Creating the artificial ground is then carried out following the above obtained conditions. The steps in making the specimen of Fiber-cement-stabilized soil are as follows: 1. To make the paper debris mix easily with the dry tsunami sludge, some amount of water was added and adjusted so that the water content became 40%. 2. The paper debris and the cement were added into the sludge. The size of the paper debris was about 15 mm squares. The paper debris is thin and is easy to be broken up into fibrous components. The water absorption of the paper debris is about seven times the mass of the paper debris. When the Fiber-cement-stabilized soil is created, the additive amount of paper debris and cement is changed according to the soil water content. In this study, the additive amount of paper debris and cement was set at 25 kg/m 3 and 60 kg/m 3 , respectively, in accordance with the previous study 11) . 3. The modified soil was packed in the chamber and they were kept at 20±3 degrees Celsius for three days for the initial cure. 4. After three days of initial cure, the specimen was made under the same amount of compaction energy for two layers as the soil-bentonite mixture. Specifically, the rammer of 1.5 kg was allowed to free-fall to the soil surface from the height of 0.2 m; the compaction amount of each layer was 40 times for the first layer and 80 times for the second layer. The wet density of the specimen was 1.769 g/cm 3 , and the hydraulic conductivity was 1.1×10 -6 m/sec. 5. The specimens were packed in the chamber and kept at 20±3 degrees Celsius for seven days for curing. The steps in making the specimen of the soil-bentonite mixture are as follows: 1. Decomposed granite soil and bentonite were mixed at a ratio of 6 to 1 on a dry-mass basis in accordance with the previous studies 12), 13), 14) . 2. Some amount of water was added and adjusted so that the soil water content could become optimum at 15.7%. This value was obtained through the compaction test (JIS A 1210; A-b method). Fig.6 shows the compaction curve of the soil-bentonite mixture. 3. The specimen was compacted with the same compaction energy for the Fiber-cement-stabilized soil. The wet density of the specimen was 1.684 g/cm 3 , and the hydraulic conductivity was 3.6×10 -5 m/sec. The degree of compaction was 82.1% based on the maximum dry density. The degree of compaction is designed with construction conditions such as embankment and roadbed. For example, the degree of compaction for the road construction was required to be over 85-95%, which was obtained through the A-b method 15) . The condition for making the specimen was set according to the minimum value of 85%. However, because the soil-bentonite mixture was compacted for the shape of the soil tank, the degree of compaction was a little below 85%. Thus, this testing condition indicated that the slope surface eroded easily.
After making the specimens (see Fig.7 ), the rainfall test was performed with different rainfall intensities of 70 mm/h, 95 mm/h and 120 mm/h. The discharged soil was recovered from the pan at 30-minute intervals and then the discharged soil was dried at 110±5 degrees Celsius. The dry soil erosion loss was measured and the soil erosion loss per unit area was calculated. The measurement time interval of the rainfall was 1 minute; then, 30-minute rainfall was calculated by using the measurement results.
(3) Experimental results
Fig.8 describes the process of the soil erosion with different rainfall intensities of 70 mm/h, 95 mm/h and 120 mm/h. As can be seen from these results, the erosion region became deeper and wider as time passed. In the case when rainfall intensity was set at 120 mm/h, the soil-bentonite mixture was highly liquid at the toe side after four hours from start of the test. On the other hand, in the case of the specimen of the Fiber-cement-stabilized soil, there was almost no soil erosion. Therefore, it was clear that the durability of the Fiber-cement-stabilized soil against erosion by rainfall was much higher than that of the soil-bentonite mixture. Fig.9 shows the measurement results of the accumulated soil erosion loss per unit area and the rainfall at 30-minute intervals. Fig.10 shows the relationship between the average rainfall intensity and the accumulated soil erosion loss per unit area. As shown in Fig.9 , 30-minute rainfall was not necessarily constant because of the instability of the rainfall simulator, but the average rainfall intensity was defined as the value of accumulated rainfall divided by testing time. As shown in Fig.10 , the accumulated soil erosion loss of the soil-bentonite mixture increased with an increase in the rainfall intensity. On the other hand, the soil erosion loss of the Fiber-cement-stabilized soil almost hardly occur with increase in the rainfall intensity. Thus, the durability of the Fiber-cement-stabilized soil against erosion by rainfall was very high and the effect of the rainfall intensity was very small. Also, it is believed that the soil erosion loss of the Fiber-cement-stabilized soil is less if the degree of compaction is over 90%. In general, soil erosion occurs as follows: First, the soil is dispersed by the impact of raindrops. Then, the soil pores are clogged with the dispersed soil, and then the surface is sealed. As a result, the infiltration capacity of the surface decreases, and after that, the surface runoff occurs. To find out the decrease in the infiltration capacity of the surface soil easily, the water content before and after the rainfall test was measured. Fig.11 shows the measurement point and depth of each specimen. The results of the water content are listed in Table 2 . As shown in Table 2 , the water content of each specimen increased after the test. However, for the soil-bentonite mixture, when the rainfall intensity increased, the change in the water content of the bottom of the toe side was small. Since the rainfall intensity may have been more than the infiltration capacity of the surface soil, the surface soil eroded more easily. On the other hand, the increase in water content of the Fiber-cement-stabilized soil was not affected by the rainfall intensity. The increase in strength of the Fiber-cement-stabilized soil was due to the following factors: 1) the ettringite was generated by the hydration reaction of cement,and 2) the bonding of soil particles was consolidated because the soil particles combined with the fibers. Thus, it is likely that the durability of the Fiber-cement-stabilized soil against erosion by rainfall is higher than that of Cement-stabilized soil under the same conditions of the additive amount of cement.
OUTDOOR TEST UNDER NATURAL RAINFALL (1) Outline of outdoor test
The medium-scale artificial ground was created on the site of Tohoku University; the outdoor test under natural rainfall was performed from the end of September 2012 to the middle of December 2012. Fig.12 shows an outline of the outdoor test under natural rainfall. The natural ground (see Fig.12(b) ) was the low-permeability soil modified by a soil recycling plant, that is, Fiber-cement-stabilized soil. The artificial ground consists of two slopes made of the soil-bentonite mixture and two slopes made of Fiber-cement-stabilized soil using actual tsunami sludge. The tsunami sludge was obtained in Kesennuma City, Miyagi Prefecture. The sludge was a mixture of sandy sludge and clayey one. The thickness of the artificial ground was set at 0.3 m based on the report of the Ministry of the Environment Government of Japan 3) , and the slope angle was set at 1:1.5, that is, about 33.7 degrees 10) . The procedures to make specimens were the same as the procedures indicated in Section 3.2. The ordinary Fiber-cement-stabilized soil used for this test was the tsunami sludge and the decomposed granite soil, which were mixed at a ratio of 2 to 1 on dry-mass basis because the amount of the tsunami sludge was limited. Some amount of water was added and adjusted so that the water content may become 100%, the additive amount of paper debris and cement was set at 50 kg/m 3 and 80 kg/m 3 , respectively, in accordance with the previous study 4) . On the other hand, the soil-bentonite mixture was made of decomposed granite soil and bentonite, which were mixed at a ratio of 6 to 1 on dry-mass basis for the indoor test. The dry densities of the specimens of Fiber-cement-stabilized soil and the soil-bentonite mixture were 1.234 g/cm 3 and 1.402 g/cm 3 , respectively. In this test, the interval time of the rainfall was 1 minute, and the mass of the soil erosion loss was measured after a series of rainfall. A series of rainfall was defined as rainfall between none-rainfall periods over 24 hours 16) . The discharged soil was recovered from the pan after a period of rainfall, then the dry soil erosion loss was measured in the same way as the indoor test.
(2) Experimental results Fig.13 shows the measurement results of the accumulated soil erosion loss per unit area and the continuous rainfall in a series of rainfall event, Fig.14 shows the process of the soil erosion of the soil-bentonite mixture and Fiber-cement-stabilized soil. The roman numerals shown in Fig.13 correspond to the process of soil erosion in Fig.14. As shown in Fig.13 , the accumulated soil erosion loss per unit area of the soil-bentonite mixture was much larger than that of the Fiber-cement-stabilized soil. In particular, after the start of the measurement, the accumulated soil erosion loss per unit area of the soil-bentonite mixture was very large due to the heavy rainfall caused by typhoon No.17 (see Fig.14(a)(ii) ). As the measurement time passed, the gully erosion occurred when the running water caused erosion of the surface of the soil-bentonite mixture, and then the area of the soil erosion became large. Moreover, the top side of the slope sunk. On the other hand, as shown in Fig.14(b) , the soil erosion loss of Fiber-cement-stabilized soil almost did not occur. Thus, it was clear that the durability against erosion by rainfall of Fiber-cement-stabilized soil was very high. The process of soil erosion observed in Fig.14 was not the same compared with that in Fig.8 . One of the reasons why the results were obtained is that rain fell off and on during the outdoor test, but the heavy rain continued to fall during the indoor test. Fig.15 shows the relationship between the rainfall intensity and the soil erosion loss per unit area. To make the data in Fig.15 easy to grasp, Fig.16 shows the relationship except for the measurement data of typhoon No.17. In this study, 1 hour maximum rainfall and 10 minutes maximum rainfall were used because these rainfall intensities were applied to the measurement data of the Japan Meteorological Agency 17) . As can be seen from Fig.15 and Fig.16 , the soil erosion loss per unit area increased with increase in rainfall intensity. The data surrounded by a dashed circle as shown in Fig.16(a) , was the result of the record rainfall of 5 mm in 16 minutes. Therefore, the rainfall term was short and there was much rain. As shown in Fig.16(b) , the soil erosion loss per unit area of the soil-bentonite mixture increased exponentially with increase in the 10-minute maximum rainfall. Moreover, the soil erosion loss per unit area of Fiber-cement-stabilized soil had little influence on the increase of rainfall intensity. Thus, Fiber-cement-stabilized soil had high durability against erosion by rainfall.
From the measurement results, the soil erosion loss for 1 year was estimated. During the 77-day test, the total rainfall was 210 mm, the total amount of soil erosion loss of the soil-bentonite mixture and Fiber-cement-stabilized soil was 65.2 kg and 6.61 kg, respectively (see Fig.13 ). The average annual rainfall in Sendai City is 1,254.1 mm based on the report of the Japan Meteorological Agency 18) . If rainfall like the one shown in this test is recorded in the last 288 days, the total amount of soil erosion loss of the soil-bentonite mixture and Fiber-cement-stabilized soil will be estimated to be 390 kg and 39.6 kg, respectively. Moreover, if the slope surface is uniformly eroded, the soil erosion depth of the soil-bentonite mixture and Fiber-cement-stabilized soil will be estimated to be 3.08 cm and 0.36 cm, respectively according to the shape and the size of the artificial ground (see Fig.12(b) ) and the dry densities of each specimen. Therefore, if the cover soil of the soil-bentonite mixture or Fiber-cement-stabilized soil is used for about three years just like the temporary storehouses, the soil erosion depth of the soil-bentonite mixture will be 9.26 cm, while that of Fiber-cement-stabilized soil will be reduced to 1.07 cm.
CONCLUSIONS
In this study, in order to investigate the durability of the cover soil made of tsunami sludge against erosion by rainfall, the indoor artificial rainfall test and the outdoor test under natural rainfall were performed. Both Fiber-cement-stabilized soil and the soil-bentonite mixture were used in each test. The following results were found: For the indoor test: 1. The accumulated soil erosion loss of the soil-bentonite mixture increased with increase in rainfall intensity. 2. The soil erosion of Fiber-cement-stabilized soil hardly occurred with increase in rainfall intensity. It was clear that the durability of Fiber-cement-stabilized soil against erosion by rainfall was very high and the effect of the rainfall intensity was very small. For the outdoor test: 1. The accumulated soil erosion loss of the soil-bentonite mixture was much larger than that of Fiber-cement-stabilized soil. 2. The gully erosion occurred due to rainfall when the running water caused erosion of the surface of the soil-bentonite mixture, and then the area of the soil erosion became large. Moreover, the top side of the slope sunk. On the other hand, soil erosion loss of Fiber-cement-stabilized soil hardly occurred. 3. To investigate the relationship between rainfall intensity and soil erosion loss, 1 hour maximum rainfall and 10 minutes maximum rainfall were used. The results showed that the soil erosion loss of Fiber-cement-stabilized soil had little influence on the rainfall intensity. 4. If the cover soil of the soil-bentonite mixture or Fiber-cement-stabilized soil is used for about 3 years, it is predicted that the soil erosion depth of the soil-bentonite mixture will be 9.26 cm, while that of Fiber-cement-stabilized soil will be reduced to 1.07 cm. Based on the above results, future works are recommended. In this study, conditions of the indoor test and the outdoor test were not the same because the amount of tsunami sludge was limited. In the future, tests with the same conditions will be performed and the results will be investigated. Furthermore, a surface slope failure due to rainfall generally occurred due to: 1) increase of soil mass due to seepage, 2) shear strength reduction with rising degree of saturation in soil, and 3) increase of pore-water pressure and seepage force due to rising groundwater. Therefore, it is important to set the sensors to measure pore-water pressure and water content at the ground. The relationship between the soil erosion loss and the water behavior in soil due to rainfall will then be discussed.
